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from	 sunlight	 (solar	 fuels)	 enables	 solar	 energy	 storage	 in	 chemical	 bonds,	 a	
volumetrically	 and	 gravimetrically	 dense	 form	 compatible	 with	 current	 infrastructure	
worldwide.	 	 Hydrogen	 production	 via	 water	 splitting	 is	 a	 first	 generation	 solar	 fuel	
targeted	 herein	 that	 is	 currently	 used	 for	 hydrocarbon	 up-grading	 and	 fertilizer	




solar	water	 splitting	 devices	 beginning	with	 a	 tandem	 junction	 device	 design	 using	 Si	
microwire	 arrays	 as	 the	 architectural	 motif	 and	 one	 of	 many	 active	 components.	 	 Si	














Another	 achievement	 includes	 demonstration	 of	 the	 longest	 known	 (>2200	 hours)	
photoanode	stability	for	water	oxidation	using	a	np+-Si	microwire	array	coated	with	an	in-
house	 developed	 amorphous	 TiO2	 protection	 layer	 and	 NiCrOx	 electrocatalyst.		
Additionally,	 the	 Si	 microwire	 array	 architecture	 was	 used	 to	 enable	 decoupling	 of	
semiconductor	 light	 absorption	 and	 catalytic	 activity,	 two	 performance	 metrics	 that	
ideally	are	maximized	simultaneously.		However,	all	previous	demonstrations	have	shown	
anti-correlation	 between	 these	 performance	metrics	 because	 planar	 architectures	 are	
subject	 to	 a	 trade-off	 where	 adding	 electrocatalyst	 increases	 catalytic	 activity,	 but	
decreases	semiconductor	light	absorption	and	vice	versa.	
	
Finally,	 a	 techno-economic	 analysis	 of	 solar	 water	 splitting	 production	 facilities	 was	
performed	 to	assess	economic	 competitiveness	because	 this	 is	 the	ultimate	metric	by	
which	all	energy	production	technologies	are	currently	evaluated.		This	analysis	suggests	





for	 the	 least	 expensive	 base-case	 solar-to-hydrogen	 system	 to	 reach	 price	 parity	with	
hydrogen	derived	from	steam	reforming	of	methane	priced	at	$3	(MM	BTU)-1	($1.39	(kg	








































6	 Functional	 Integration	 of	 Ni-Mo	 Electrocatalysts	 with	 Si	 Microwire	 Array	






























































































































Table	 7.6:	 PEM	 electrolysis	 system	 technical	 parameters	 and	 capital	 and	 operating	
expenses.	................................................................................................................	146	
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high	 fill	 factors	 and	 light-limited	 photocurrent	 densities	 for	 solar-driven	 hydrogen	










































Photoelectrochemistry	 is	 the	 conversion	of	 electromagnetic	 radiation	 into	 chemical	 bonds	 or	
stable	excited	states	and	forms	the	foundation	for	the	solar	fuel	devices	described	herein.	This	
thesis	 is	 focused	 on	 a	 subset	 of	 photelectrochemical	 devices,	 namely	 photoelectrosynthetic	
devices	 that	 perform	 nonspontaneous	 (ΔGrxn	 >	 0)	 reactions	 effectively	 storing	 the	 energy	
contained	within	 the	 incident	electromagnetic	 radiation	 in	 the	 form	of	 chemical	bonds.7	 	 For	
example,	Equation	1.1	shows	the	water	splitting	reaction,	which	has	a	ΔG0	=	237	kJ	(mol	H2)-1	and	
E0	=	-1.23	V	and	is	the	reaction	pursued	throughout	this	thesis.	
	 !"#	 → 	!" 	+	12#"	 	1.1	
A	 photoelectrosynthetic	 device	 consists	 of	 a	 semiconductor	 or	 set	 of	 semiconductors	 that	
generate	excited	electron-hole	pairs	via	photon	absorption	and	separate	the	excited	electron-
hole	 pairs	 such	 that	 the	 electrons	 and	 holes	 can	 be	 collected	 at	 separate	 locations.	 	 These	
photoexcited	 and	 separated	 electrons	 and	 holes	 are	 transferred	 to	 their	 respective	
		
28	
electrocatalysts	 that	 perform	 the	 desired	 reduction	 and	 oxidation	 reactions.	 Ionic	 transport	
between	 the	 reduction	 and	 oxidation	 sites	 completes	 the	 electrochemical	 circuit	 shown	
schematically	in	Figure	1.1.	
	


























Figure	 1.2:	 Semiconductor	 bandgap	 and	 density	 of	 states	 A	 simplified	 representation	 of	 a	
bandgap	with	 the	 valence	 (VB)	 and	 conduction	 (CB)	 bands	 labeled	 and	 the	 density	 of	 states	



















photons	of	 differing	 energy	 create	 electron-hole	 pairs	with	 the	higher	 energy	photons	 (blue)	
excited	electron	losing	its	excess	energy	as	heat	and	relaxing	to	the	conduction	band	minimum	
energy.	 b)	 A	 schematic	 demonstrating	 the	multijunction	 concept	where	 photons	 of	 differing	

















defines	 the	 concentration	 of	 electrons	 and	 holes	 in	 the	 conduction	 and	 valence	 bands,	
respectively,	and	can	be	altered	by	the	presence	of	intrinsic	or	extrinsic	(doping)	defects.		These	
defects	result	 in	either	 (i)	 the	addition	of	electrons	to	the	conduction	band	and	simultaneous	
reduction	of	holes	in	the	valence	band	(law	of	mass	action),	forming	an	n-type	semiconductor,	or	















Figure	 1.4:	 Semiconductor	 junction	 energetics	 a)	 A	 solid	 state	 semiconductor	 pn-junction	 at	
equilibrium.		The	electrochemical	potential	(EF,	Fermi	level)	is	equal	everywhere	throughout	the	
device.	 b)	 A	 semiconductor	 liquid	 junction	 at	 equilibrium	 where	 the	 semiconductor	
electrochemical	 potential	 is	 equal	 to	 the	 redox	 potential	 in	 solution.	 c)	 A	 solid	 state	
semiconductor	 pn-junction	 under	 illumination	 conditions	 where	 EF,n	 and	 EF,p	 represent	 the	
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electron	 and	 hole	 electrochemical	 potentials	 separately	 (quasi-Fermi	 levels).	 	 The	 potential	




separate	 electrochemical	 potentials	 (quasi-Fermi	 levels),	 one	 for	 electrons	 and	 one	 for	 holes	
(Figure	1.4c,d).		This	change	in	electrochemical	potential	is	entirely	due	to	a	decrease	in	the	initial	
chemical	potential	difference,	prior	to	any	carrier	separation,	because	the	excess	electron-hole	






Given	 a	 constant	 photon	 flux,	 a	 steady-state	 concentration	 of	 excess	 electrons	 and	 holes	 is	
present	such	that	the	sum	of	the	current	collected	due	to	the	electrochemical	potential	gradient	
and	current	lost	to	recombination	equals	the	absorbed	photon	flux	(Figure	1.4c,d).		A	voltage	can	
be	 applied	 across	 the	 device	 that	 affects	 the	 portion	 of	 successful	 carrier	 separation	 and	
collection	(current)	and	deleterious	recombination.		This	is	a	non-linear	process	described	by	the	
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devices	 current-voltage	 behavior.	 	 However,	 solar	 fuel	 device	 operation	 is	 fundamentally	
different,	as	the	operating	voltage	is	determined	by	the	reaction	thermodynamics	and	the	extra	
voltage	needed	to	drive	the	reaction	at	a	given	rate	(overpotential).		Thus	the	goal	for	solar	fuel	
devices	 is	 to	 produce	 the	 maximum	 current	 density	 (Jop)	 possible	 given	 the	 reaction	
thermodynamics	 and	 overpotentials,	 as	 evidenced	 by	 the	 Equation	 1.4,	 which	 defines	 the	
efficiency	for	a	photoelectrosynthetic	device	performing	the	water	splitting	reaction.		












	 DN;NOP = DEF4/ + QRS> ln GHIJKIGLIJMI = DEF4/ + QRS> ln VHIVLI/.W 	 1.5	
The	 thermodynamic	 limit	 and	 experimentally	 realized	 Voc	 for	 a	 semiconductor	 junction	 is	
between	300-400	mV	and	400-500	mV,	 respectively,	 less	 than	 the	bandgap	and	 results	 from	
entropy	increase	upon	absorption	of	essentially	point	source	photons	from	the	sun	and	radiative	
emission	 of	 photons	 over	 all	 angles.13	 This	 upper	 bound	 on	 Voc	 for	 a	 single	 semiconductor	
junction,	the	voltage	requirements	for	the	reaction	of	choice	(water	splitting,	1.23	V)	and	the	









Multi-junction	devices,	 arranged	electrically	 in	 series	 to	produce	higher	voltages,	have	higher	
thermodynamic	 efficiency	 limits	 due	 to	 better	 utilization	 of	 the	 solar	 spectrum	 and	 voltage	
matching	 with	 the	 water	 splitting	 voltage	 requirements.	 	 Tandem	 junction	 devices	 split	 the	
voltage	production	requirement	between	two	junctions	with	optimized	bandgaps	of	~1.1	eV	and	








junction	 devices	 because	 the	 Jsc	 decreases	 at	 the	 expense	 of	 an	 increased	 Voc,	 which	 is	 not	
needed.		Accordingly,	tandem	junction	devices	posses	the	highest	thermodynamic	efficiency	limit	
for	 solar	 water	 splitting	 and	 is	 evidenced	 by	 their	 world	 record	 efficiencies	 in	 experimental	
devices.16,17	Note	that	this	argument	only	holds	for	integrated	photoelectrosynthetic	devices;	the	
thermodynamic	efficiency	limit	does	continue	to	increase	with	junction	number	for	a	system	that	








by	 decreasing	 the	 activation	 energy	 for	 a	 given	 reaction	 pathway.	 At	 equilibrium,	 a	 catalyst	
produces	no	net	reaction	but	performs	both	the	forward	and	reverse	reactions	at	equal	rates,	
known	 as	 the	 exchange	 current	 density	 (j0,cat).	 	 In	 general,	 the	 higher	 the	 j0,cat	 the	 higher	
performance	(activity)	the	catalyst	will	demonstrate.	Under	applied	bias	(voltage)	one	reaction	
direction	proceeds	at	a	higher	rate	the	the	other	direction	and	thus	net	product	is	formed.	This	








	 ) = +/,<ON 0YZ4[\]^7 − 01Y_4[\]^7 	 1.6	
The	overpotential	is	a	measure	of	the	catalyst	efficiency	for	a	given	current	density;	the	lower	
the	overpotential	the	less	excess	voltage	that	the	semiconductor	needs	to	supply.	In	general,	the	
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	 !"#	 → 	12 	#" 	+ 	2!" 	+ 	201	 1.8	
1.2.4 Ionic	Transport	
Ion	transport	is	the	current	carrying	component	in	liquid	systems	as	electrons	are	in	solids.	For	














However,	 during	 initial,	 unsteady	 state	 operation	 the	 transference	 number	 of	 protons	 and	
hydroxide	 ions	 is	not	unity.	 Instead	current	 is	 also	 carried	by	 the	 supporting	electrolyte	 ions,	
which	 leads	 to	 electrodialysis	 of	 the	 supporting	 electrolyte	 and	 a	 proton	 or	 hydroxide	 ion	


















To	 achieve	 sufficient	 H2	 and	 O2	 separation	 an	 ionically	 conductive,	 yet	 low	 gas	 permeability	







preferred	 materials	 that	 meet	 these	 requirements	 as	 evidenced	 by	 their	 use	 in	 commercial	
electrolysis	and	fuel	cell	devices.		Nafion®	is	a	proton	exchange	membrane	(PEM)	that	finds	heavy	
commercially	use	in	PEM	electrolysis	and	fuel	cell	devices,	but	is	only	applicable	to	acidic	systems;	
systems	 in	 basic	media	 require	 anion	 exchange	membranes	 (AEM)	which	 are	 produced	 at	 a	













A	 photoelectrochemical	 device	 is	 a	 combination	 of	 all	 the	 individual	 phenomena	 described	
above,	which	can	be	difficult	to	separate	and	understand	in	a	full	device	or	single	photoelectrode	





An	 analytical	 expression	 that	 describes	 the	 behavior	 of	 a	 photoelectrode	 containing	 a	 single	










	 : + = 	:93 + − 	8 + −	:=aEba=(+)	 1.9	
Solving	 Equations	 1.2	 and	 1.6	 for	 voltage	 as	 a	 function	 of	 current	 density	 (j)	 for	 two	 sets	 of	
assumptions	for	the	catalyst	behavior	and	plugging	them	into	Equation	1.9	results	in	Equations	
1.10	and	1.11,	which	are	 in	 the	 form	of	 a	 three-electrode-power-saved-relative-to-an-ideally-
non-polarizable-dark-electrode	measurement.23,24	
	 : + = ±SfgRh ln ± +	i − ++	/,93 + 1 + QRjSa> sinh1n +2+/,<ON + +Q=	 1.10	
	 : + = ±SfgRh ln ± +	i − ++	/,93 + 1 − QRjoSa> ln − ++/,<ON + +Q=	 1.11	
		
Here	j0,PV	denotes	the	semiconductor	device	dark	current	densty,	jL	is	the	light-induced	current	
(negative	 (positive)	 for	a	photocathode	 (photoanode)),	nd	 is	 the	diode	quality	 factor,	α	 is	 the	
charge	transfer	coefficient	with	subscripts	A	for	anodic	and	C	for	cathodic	reactions,	j0,cat	is	the	
catalyst	 exchange	 current	 density,	 ne	 is	 the	 number	 of	 electrons	 transferred,	 j	 is	 the	 current	




the	 normalized	 behavior	 for	 a	 stand-alone	 photovoltaic	 device	 (Equation	 1.2)	 and	 the	
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circuit	 diagram	 depicting	 the	 photoelectrode,	 electrocatalyst,	 and	 solution	 resistance	
components	 of	 the	 power	 saved	 measurement	 relative	 to	 an	 ideally	 non-polarizable	 dark	




current	 density	 versus	 voltage	 behavior	 of	 hybrid	 InP/InOx/Rh	 semiconductor-electrocatalyst	
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simplicity	 and	 analytic	 tractability.	 	 Accordingly,	 relatively	 few	 studies	 have	 investigated	
multijunction	photoelectrodes	and	of	 those	 that	have	all	 have	been	planar	 architectures	 and	
nearly	all	have	utilized	semiconductor	devices	designed	for	the	photovoltaic	 industry	(tandem	
junction	 Si/Al0.15Ga0.85As16,	 GaAs/GaAsP233,	 Ga0.35In0.65P/Ga0.83In0.17As34;	 triple	 junction	 a-



















Inline	 with	 the	 knowledge	 gaps	 mentioned	 above,	 I	 hypothesize	 that	 a	 three	 dimensionally	
structured	 (silicon	 microwire	 array)	 tandem	 junction	 device,	 with	 the	 necessary	 catalyst	 and	
stabilization	 layers,	can	provide	an	optimized	design	and	operate	efficiently	and	be	 integrated	
into	 a	 system	 that	 can	 produce	 a	 solar	 fuel	 (hydrogen)	 safely,	 stably	 and	 at	 an	 economically	
competitive	value.	Accordingly,	this	thesis	focuses	on	the	design	of	and	experimental	fabrication	
and	 characterization	 efforts	 toward	 a	 complete	 Si	 microwire	 array	 tandem	 junction	 device,	
experimental	optimization	efforts	that	leverage	the	Si	microwire	array	architecture	and	focus	on	
a	subset	of	the	phenomena	present	in	a	complete	photoelectrosynthetic	device,	and	a	techno-








microwire	 architecture	 effects	 orthogonalization	 of	 the	 light	 absorption	 and	minority	 carrier	
collection	directions,	 enabling	 lower	material	usage	due	 to	 the	architecturally	enhanced	 light	
absorption39,42,	lower	purity	material	requirements	due	to	the	short	minority	carrier	collection	
lengths43,	minimized	distance	for	ionic	transport	between	the	reduction	and	oxidation	sites41,44,	
and	 robustness	 against	 single	 Si	 microwire	 point	 failure	 due	 to	 the	 parallel	 nature	 of	 each	
individual	 microwire	 device,	 all	 as	 compared	 to	 planar	 designs.17,31,43,45-47	 	 Figure	 2.1	











than	 the	 minority	 carrier	 diffusion	 length	 (Ln).	 	 b)	 An	 image	 demonstration	 the	 orthogonal	
directionality	of	light	absorption	and	minority	carrier	collection	for	a	microwire	device.		Here	the	
absorption	 direction	 remains	 along	 the	 vertical	 direction	 of	 the	microwire,	 but	 the	minority	
carrier	 collection	 direction	 is	 radial.	 	 This	 decoupling	 allows	 optimization	 of	 the	 length	 for	
absorption	and	minority	carrier	collection	independently.	(Image	Credit:	Michael	Kelzenberg)	
  
Photovoltaic	 demonstrations	 using	 Si	 microwire	 arrays	 have	 consisted	 of	 single	 pn+-junction	
devices	with	champion	array	and	single	microwire	efficiencies	of	7.9%	and	17%,	respectively.	40,48		
Near	 complete	 above	 bandgap	 light	 absorption	 has	 been	 achieved	 through	 introduction	 of	
scattering	elements	into	the	unoccupied	space	within	the	microwire	array,	thus	leaving	material,	
junction,	 and	 surface	 quality	 as	 the	 main	 factors	 that	 will	 affect	 performance.39	
Photoelectrochemical	 applications	 using	 Si	 microwire	 arrays	 have	 focused	 on	 the	 hydrogen	
evolution	half	reaction	with	single	pn+-junction	devices	coated	with	an	electrocatalyst	such	as	Pt.	
37,49,50	 	Attempts	 to	 incorporate	a	second,	wider	bandgap	material	 into	Si	microwire	arrays	 to	
































transport	pathway	 indicated.	 	Oxygen	evolution	catalysts	are	decorated	on	the	surface	of	 the	
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under	 oxidizing	 conditions.	 	 The	 wide	 bandgap	 material	 choice	 began	 with	 many	 more	
candidates,	but	based	on	a	combination	of	stability	under	oxidizing	or	reducing	conditions	and	
the	maximum	Voc	known	for	the	material	was	narrowed	down	to	WO3	and	TiO2.		The	bandgaps	





Figure	 2.3a	 and	 Figure	 2.3b	 depict	 the	 device	 electronic	 band	 structures	 in	 the	 absence	 and	
presence	of	illumination,	respectively.	Illumination	(Figure	2.3b)	results	in	splitting	of	the	quasi-
Fermi	levels	at	both	junctions,	generating	two	voltage	sources	in	series.	Photoexcited	majority-
carrier	 electrons	 in	 the	 n-Si	 core	 are	 transported	 axially	 to	 the	 back	 contact	 through	 the	









Figure	 2.3:	 Equilibrium	 and	 operating	 tandem	 junction	 device	 electronic	 structure	 a)	 The	
electronic	 structure	 of	 the	 tandem	 junction	 device	 in	 the	 dark,	 at	 equilibrium,	 where	 the	
electrochemical	potential	is	equal	across	the	entire	device	and	is	defined	by	the	oxygen	evolution	











During	 the	 course	 of	 this	 work,	 a	 similar	 yet	 distinct	 device	 that	 performs	 unassisted	 water	
splitting	was	reported,	which	incorporates	a	p-n+-Si	nanowire	junction	connected	to	TiO2	by	the	
p-Si	nanowire	core	(referred	to	as	Si/TiO2).30	One	major	difference	between	the	device	design	




the	 top	 half	 of	 the	 Si/TiO2	 design,	 requiring	 collection	 lengths	much	 longer	 than	 the	 largest	
diffusion	 lengths	 measured	 in	 Si	 microwires	 (~10	 μm).48,55	 Si	 nanowires	 also	 have	 excessive	
junction	 area	 that	 leads	 to	 high	 rates	 of	 carrier	 recombination	 relative	 to	 the	 use	 of	 Si	
microwires.43	 Optical	 absorption	 modelling	 of	 Si	 microwires	 indicates	 that	 a	 majority	 of	 the	
incident	light	is	absorbed	near	the	top	of	the	wire,	emphasizing	the	need	for	efficient	minority-
carrier	collection	 in	 this	 region.56	This	difference	 is	apparent	as	a	VOC	difference	between	 the	
Si/TiO2	device	(370	mV)	and	the	Si/WO3	device	(480	mV).		The	Si/TiO2	device	utilized	two	masking	
steps	to	define	the	structure	and	a	top-down	fabrication	process	that	began	with	a	high-quality	
photo-active	 p-Si	 wafer,	 whereas	 fabrication	 of	 the	 Si/WO3	 device	 consisted	 of	 sequential	
		
55	
deposition	 of	 the	 active	 materials	 with	 a	 single	 masking	 step	 and	 featured	 a	 bottom-up	
fabrication	process	from	a	re-usable	photo-inactive	n+-Si	substrate.57	
	
In	 addition	 to	 this	 tandem	 junction	design,	 Si	microwire	arrays	were	also	used	 to	design	and	
demonstrate	 a	 hydrogen	 evolution	 photoelectrode	 that	 decouples	 light	 absorption	 in	 the	
microwires	and	catalytic	activity	using	a	non-noble	metal	catalyst,	which	has	traditionally	limited	








Figure	 2.4	 shows	 the	 Si	microwire	 fabrication	process	 used	 for	 all	 studies	 in	 this	 thesis.	 	 The	
process	begins	with	a	<111>	Si	wafer	doped	according	to	the	experimental	design	and	with	400-
500	nm	of	a	thermally	grown	SiO2	(Figure	2.4a).		3	µm	diameter	holes	in	a	7	µm	x	7	µm	square	
lattice	 are	 formed	 in	 the	 SiO2	 layer	 using	 photolithographically	 defined	mask	 and	 by	 etching	















































6)	 a	 nanoparticulate	 bilayer	 of	 nickel-molybdenum	 (Ni-Mo)	 electrocatalyst	 covered	 TiO2	 was	








mV	 in	 acidic	 aqueous	 environments,	 and	 provide	 a	 preferred	 geometry,	 relative	 to	 planar	
structures,	 for	 devices	 that	 effect	 the	 unassisted	 generation	 of	 fuels	 from	 sunlight.37,38,41	
Microwire	 arrays	 benefit	 from	 orthogonalization	 of	 the	 directions	 of	 light	 absorption	 and	
minority-carrier	collection,17,43,45-47	as	well	as	from	light-trapping	effects,39,42	an	increased	surface	
area	for	catalyst	loading	per	unit	of	geometric	area,49,58	a	small	solution	resistance	as	compared	
to	 planar	 designs,41,44	 a	 reduced	material	 usage	 through	 reusable	 substrates,57	 and	 from	 the	
ability	to	embed	the	microwires	into	ion	exchange	membranes	that	exhibit	little	permeability	to	
H2	and	O2,59	 thereby	producing	 flexible	devices	that	persistently	separate	the	products	of	 the	




fuel	 production.	 	 Accordingly,	 tandem-junction	 devices	 offer	 the	 highest	 theoretical14	 and	
experimentally	realized17	efficiencies	 for	solar-driven	water	splitting	through	additive	voltages	












mutually	 compatible	 and	 generally	 must	 operate	 in	 a	 batch	 reactor	 that	 contains	 a	 single,	
concentrated	(1.0M)	41,60	aqueous	electrolyte.		Such	materials	considerations	are	important	to	
the	 performance	 of	 a	 functioning	 device	 that	 consists	 of	 microwires	 embedded	 in	 a	 gas	
impermeable,	 ion-exchange	 membrane,	 because	 both	 semiconductors	 need	 to	 be	




junction	 photovoltaic	 cells	 that	 are	 physically	 isolated	 from	 the	 solution	 and	 are	 electrically	
connected	 to	 the	 catalysts	 in	 contact	 with	 solution.	 	 	 The	 materials	 currently	 used	 in	 high-















WO3	 is	 the	 preferred	material	 because	 of	 its	 smaller	 band	 gap	 (Eg	 ≈	 2.6	 eV)	 and	 significant	















Si	and	WO3	 light-absorbing	materials.	 	 This	ohmic	contact	 layer	ensures	 facile,	 low-resistance	
carrier	 transport	 between	 the	 Si	 and	 WO3	 and	 relaxes	 the	 requirements	 for	 proper	 band	
alignment	between	the	p+-Si	emitter	and	the	WO3.	Transparent	conductive	oxides,	such	as	FTO	
or	ITO,	are	commonly	used	as	back	contacts	to	metal	oxides;	thus	this	design	is	expected	to	be	









































































demonstrate	 the	 presence	 of	 an	 additive	 voltage	 from	 each	 junction,	with	 0.73	 V	 and	 0.5	 V	




Figure	 3.3	 shows	 the	 photoelectrochemical	 (PEC)	 behaviour	 of	 single	 junction	 (p-Si/ITO/n-
























Figure	 3.4:	 Si/WO3	 PEC	water	 splitting	 performance	 and	 stability	 under	 simulated	 11	 Suns	













Under	 modest	 optical	 concentration	 (12	 Suns,	 AM.15D),	 tandem	 junction	 microwire-array	
devices	 exhibited	Eoc	 =	 -1.27	V	 vs	E0’(O2/H2O),	which	 exceeds	 the	 1.23	V	 potential	 difference	
necessary	 for	 unassisted	 water	 splitting	 under	 standard-state	 conditions	 (Figure	 3.4a).	 	 The	
operating	current	for	this	device	under	modest	optical	concentration	can	be	predicted	using	a	
load-line	 analysis.67	 Figure	 3.4a	 shows	 the	 I-E	 behaviour	 of	 an	 illuminated	 tandem	microwire	
device,	along	with	the	I-E	behaviour,	mirrored	about	the	abscissa,	of	a	Pt	disc	electrode	of	similar	
projected	area,	in	contact	with	either	a	saturated	Ar	(g)	or	H2(g)	solution	at	1	atm.		In	a	Ar(g)-






















min	by	 the	H2(g)-purged	device.	 	Thus,	 the	decrease	 in	 current	 for	 the	Ar(g)-purged	device	 is	
attributable	to	an	increasing	H2	concentration	in	solution	from	the	HER	at	the	Pt	disc	electrode.		
Additionally,	 the	chopped-light	 response	demonstrated	that	 the	observed	current	was	photo-
induced.		The	negative	current	observed	in	the	dark	for	the	H2(g)-purged	device	is	consistent	with	
O2	 (g)	 and	H2(g)	 recombination	 to	 form	water,	 similar	 to	 fuel	 cell	 operation.	 	 This	 behaviour	
demonstrates	 that	 the	 operating	 voltage	 of	 the	 device	 can	 be	 tuned	 by	 changing	 the	 partial	














At	 the	Pt	 disc	 cathode,	H2(g)	 production	was	detected	by	mass	 spectrometry	of	 the	 reaction	
products	when	the	operational	current	density	was	passed	at	the	Pt	disc	electrode.		Due	to	the	


















architecture	 in	 the	 bulk	 recombination	 limit	 under	 both	 unconcentrated	 (1	 Sun)	 and	
concentrated	 illumination	to	match	the	experimental	photon	flux.	 	Here,	the	Si	homojunction	
performance	 is	 shown	 in	 the	 absence	 of	 mass-transport	 limitations,	 with	 and	 without	 the	










light	 limited	photocurrent	density	 (Jph)	on	 the	WO3	coating	 thickness	 for	 light	above	the	WO3	
band	gap	in:		(i)	all	photoactive	material	in	the	core-shell	tandem	structure	(Si	+	WO3),	(ii)	WO3	












WO3 on Microwire Jph 
(mA-cm-2) 
300 11.7 3.34 0.56 0.41 
500 15.4 3.43 0.7 0.54 
700 19.6 3.47 0.8 0.65 
1000 26.9 3.53 0.89 0.79 















a	 complete,	 direct	 water-splitting	 device,	 an	 oxygen-evolution	 catalyst	 coupled	 to	 the	 WO3	
surface	would	 be	 required.	 	 Two-electrode	 operation	with	 a	 Pt	HER	 electrode	 demonstrated	
stable	operation	of	the	device	as	well	as	validation	of	the	operating	point	determined	by	the	load-
line	analysis.		This	demonstration	therefore	provides	a	proof-of-concept	for	the	development	of	
core-shell	high-aspect	ratio	 tandem	junction	devices	 for	 fuel	 formation	directly	 from	sunlight.	
Such	a	device	could	be	embedded	in	a	gas	impermeable,	ion-selective	membrane59	and	removed	





















and	 experiment,	 such	 as	 junction	 area,	 will	 therefore	 cause	 a	 precipitous	 decrease	 in	 the	
experimental	 operating	 current	 density.	 This	 is	 observed	 in	 both	 experimental	 illumination	
conditions	where	under	one	Sun	 illumination	 the	Eoc	 is	 less	 than	1.23	V	 such	 that	 the	device	
cannot	 perform	 unassisted	 water	 splitting	 at	 standard	 conditions.	 	 Under	 concentrated	







degenerate	 Si	 base,	 all	 of	which	 can	 result	 in	photocurrent.	 	 To	 investigate	 the	photocurrent	
contribution	 from	WO3	 on	 the	microwire	 sidewalls	 relative	 to	 that	 from	WO3	 on	 the	 planar,	
degenerate	 Si	 base,	 two-dimensional	 finite-difference	 time	 domain	 (FDTD)	 electromagnetic	
modelling	was	performed.	Table	3.1	demonstrates	that	for	thin	WO3	coatings	(300nm),	only	17%	
(0.56	mA-cm-2)	of	the	above	band	gap	light	absorbed	by	the	device	is	absorbed	in	WO3.		The	WO3	




useful	 due	 to	 the	 current	 limiting	 absorption	 in	 the	 WO3.	 	 This	 behaviour	 implies	 that	 an	






coatings;	 the	 500nm	 thick	 WO3	 coatings	 used	 experimentally	 are	 projected	 at	 ~76%.	 	 This	
















photoanode	 materials	 with	 smaller	 electron	 affinities	 than	 WO3.28,68,69	 The	 production	 of	
increased	current	density	at	E	=	Eo’(O2/H2O)	will	 require	 lowering	 the	 recombination	 rates	by	
improving	the	material	quality	and	passivating	surface	states,	as	well	as	discovering	narrower	
band	gap	materials	that	are	stable	under	oxidizing	conditions.		Additionally	the	anodes	must	be	
stable	 under	 conditions	 where	 the	 cathode	 and	 membrane	 materials	 are	 stable,	 and	 under	
conditions	where	the	membrane	exhibits	high	transference	numbers	for	protons,	to	allow	for	
effective,	passive	neutralization	of	 the	pH	gradient	between	 the	 sites	of	water	oxidation	and	








light	 concentration.	 This	 system	 provides	 proof-of-principle	 for	 the	 design.	 The	 approach	 is	








0.017	 mA-cm-2	 when	 the	 catholyte	 was	 saturated	 with	 Ar(g)	 and	 H2(g),	 respectively.	 These	
operating	points	 agreed	well	with	 the	 values	 that	were	predicted	 from	 the	 load-line	 analysis	












arrangement	of	 individual	and	complete	device	units	 in	parallel	 to	provide	protection	against	
catastrophic	failure	in	the	event	that	a	single	device	unit	fails,	reduced	materials	purity	and	usage	
requirements	due	to	orthogonalized	directions	of	light	absorption	and	minority-carrier	collection,	
the	 ability	 to	 decouple	 optical	 absorption	 and	 catalytic	 activity	 of	 metallic	 electrocatalysts	
through	strategic	placement	of	the	catalyst	in	the	internal	volume	of	the	array,	and	a	high	internal	
surface	 area	 for	 facile	 functional	 support	 of	 earth-abundant	 electrocatalysts.31,41,43	 	 Single-
junction	Si	microwires	cannot	provide	sufficient	voltage	to	perform	unassisted	solar-driven	water	










Si	 micro-	 and	 nano-	 wire	 tandem-junction	 devices	 have,	 however,	 exhibited	 low	 operating	
current	 densities	 for	 water	 splitting,	 due	 to	 the	 need	 for	 large	 open-circuit	 voltages	 (Voc)	 to	
overcome	the	thermodynamic	and	kinetic	requirements	for	sustained	H2(g)	and	O2(g)	production	
under	standard-state	conditions.30,62		WO3	is	attractive	for	a	demonstration	system	because	it	is	





fabricated	 previously	 also	 included	 a	 tin-doped	 indium	 oxide	 (ITO)	 layer	 to	 provide	 efficient	
charge	 transfer	 between	 the	 Si	 and	 WO3,	 but	 the	 ITO	 layer	 was	 unstable	 under	 operating	
conditions	and	thus	limited	the	ultimate	device	stability.31	
	
Larger	 Eoc	 values	 have	 been	 obtained	 from	 nanowire	 Si/TiO2	 core-shell	 structures	 than	 from	
microwire	 Si/WO3	 structures	 because	 the	 wide	 band	 gap	 TiO2	 produces	 a	 relatively	 large	


























np+-Si/FTO/TiO2	 devices	 were	 fabricated	 through	 formation	 of	 a	 radial	 np+-Si	 microwire	
homojunction,	 followed	 by	 sequential	 deposition	 of	 conformal	 FTO	 and	 TiO2	 layers	 (see	 the	








bottom	of	 the	microwire	 array	with	 polydimethylsilicon	 (PDMS),	 etching	 the	 exposed	 SiO2	 in	
HF(aq),	 and	 then	 removing	 the	 PDMS	 layer	 (Figure	 4.1c).	 	 Radial	 p+-Si	 emitters	were	 formed	
through	gas-phase	diffusional	doping	using	BCl3	at	950˚C	in	H2(g)	(Figure	4.1d).		A	conformal	FTO	
layer	was	 then	 deposited	 on	 a	 Si	microwire	 array	 via	 spray	 pyrolysis	 of	 0.015	M	 ammonium	










Figure	 4.2:	 SEM	 images	 throughout	 Si/TiO2	 device	 fabrication	 process	 Scanning-electron	














(see	 Supplementary	 Information	 for	 complete	 details)72	 	 yielded	 a	 specific	 contact	 resistance	
value	of	16.6	±	9.3	Ω	cm2.		This	resistance	corresponds	to	a	~3	mV	voltage	loss	due	to	the	p+-
Si/FTO	contact,	assuming	light-limited	current	densities	of	~	2	mA	cm-2	for	rutile	TiO2	under	Air	
Mass	 (AM)	 1.5G	 illumination	 conditions	 and	 the	 ~10x	 surface	 area	 increase	 of	 Si	microwires	
relative	to	the	area	of	an	analogous	planar	device.			At	geometric	current	densities	of	~	10	mA	
cm-2,	 the	voltage	 losses	due	to	this	contact	resistance	will	be	~16	mV	and	~160	mV	for	the	Si	







Figure	4.3:	PEC	behavior	of	 Si/TiO2	device	 in	acid	and	base	 Current	density	 versus	potential	














array	 devices	 exhibited	 voltage	 addition	 across	 the	 series-connected	 np+-Si	 and	 TiO2-liquid	








Figure	 4.4:	 Tandem	 and	 single	 junction	 Si/TiO2	 device	 performance	 under	 simulated	 1	 Sun	
illumination	 Current	 density	 versus	 potential	 behavior	 of	 p+-Si/FTO/TiO2	 and	 np+-Si/FTO/TiO2	














Si/FTO/TiO2	 microwire	 array	 photoelectrodes	 under	 simulated	 1	 Sun	 conditions	 and	 held	
potentiostatically	 at	 0	 V	 vs	 RHE.	 	 The	 first	 run	 lasted	 24	 h	 and	was	 followed	 by	 1	 h	without	
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density	 vs	 time	 behavior	 as	 that	 observed	 in	 the	 initial	 stability	 measurement.	 	 Cyclic	
voltammograms	taken	throughout	the	stability	measurement	demonstrate	a	decreased	current	
density	 near	 Eoc	 as	 the	measurement	 progressed.	 	 However,	 at	more	 positive	 potentials	 the	
current	 density	 was	 essentially	 constant	 vs	 time,	 suggesting	 that	 a	 potential	 dependent	
mechanism	affects	the	current	density	at	the	most	negative	potentials.	 	Two	possible	physical	
mechanisms	consistent	with	a	long	time	constant	and	potential	dependent	behavior	include	a	






the	 behavior	 of	 np+-Si	 microwire/WO3	 devices,	 the	 band	 gap	 of	 the	 TiO2	 severely	 limits	 the	










Furthermore,	 the	 operational	 conditions	 under	 which	 the	 highest	 performance	 is	 achieved	
further	limit	options	for	free-standing	device	fabrication,	such	as	membrane	compatibility.		For	
example,	the	TiO2	used	herein	limits	operation	to	aqueous	alkaline	conditions,	which	requires	an	
anion	 exchange	 membrane	 to	 provide	 ionic	 conductivity	 and	 gas	 separation	 capabilities.		
However,	 anion	exchange	membranes	 remain	at	 the	 fundamental	 research	 level	 and	are	not	
generally	designed	to	be	recast	in	Si	microwire	arrays	while	also	providing	suitable	mechanical	
support	 when	 removed	 from	 the	 growth	 substrate.	 	 To-date,	 attempts	 to	 incorporate	 anion	
exchange	membranes	into	these	devices	and	thereby	obtain	a	free-standing	device	failed	due	to	
the	 inability	 of	 the	 membrane	 casting	 process	 to	 infiltrate	 the	 Si	 microwire	 array	 and/or	
membrane	brittleness	thwarting	attempts	to	remove	the	arrays	intact	from	the	substrate.	
	
The	 tandem-junction	 np+-Si/FTO/TiO2	 microwire	 device	 reported	 herein	 demonstrates	 an	
efficiency	and	stability	improvement	over	previously	reported	devices.		This	improvement	was	
achieved	 by	 combining	 two	 high	 output-voltage	 junctions	 with	 complementary	 absorption	
regimes	 that	 simultaneously	 provide	 intrinsic	 stability	 under	 the	 designated	 operational	
conditions.	 	 Incorporation	of	an	 intermediate	FTO	 layer	provided	a	 sufficiently	 low	resistance	
		
88	
contact	 between	 the	 p+-Si	 and	 TiO2.	 	 Further	 efforts	 to	 develop	 compatible	 anion	 exchange	









Technologically	 important,	 small	 band-gap	 semiconductors	 such	 as	 Si	 are	 highly	 attractive	
materials	 for	 use	 as	 photoanodes	 to	 oxidize	 water,	 but	 are	 unstable	 to	 corrosion	 and/or	
passivation	under	anodic	conditions	in	aqueous	electrolytes.73		Single	crystalline	n-Si,	n-GaAs,	n-
GaP,	n-CdTe,	and	n-BiVO4	photoanodes	have	all	 recently	demonstrated	enhanced	stability	 (4-
100+	 hours)	 under	 continuous	 operation	 for	 water	 oxidation	 to	 O2(g)	 in	 aqueous	 alkaline	
electrolytes,	 with	 100%	 Faradaic	 efficiency,	 by	 use	 of	 electrically	 conductive,	 optically	
transparent,	 10-100	 nm	 thick	 protective	 films	 of	 amorphous	 TiO2	 deposited	 by	 atomic-layer	
deposition	(ALD).74-77	 	Arrays	of	semiconductor	microwires	or	nanowires	provide	an	especially	
attractive	system	architecture	for	the	direct	production	of	fuels	from	sunlight,	because	such	a	
structure	 provides	 a	 minimal	 path	 for	 ionic	 conduction,	 high	 optical	 absorption,	 78-82	 a	 high	












coated	 with	 ALD-grown	 TiO2,77	 followed	 by	 deposition	 of	 a	 nickel-chromium	 oxide	 oxygen-
evolution	catalyst	using	magnetron-sputtering	(see	the	Appendix	A	for	full	experimental	details).		
Figure	5.1a	 shows	a	 schematic	of	 the	process,	 and	Figure	5.1b	and	 c	 show	scanning-electron	
micrographs	(SEM)	of	the	Si	microwire	arrays	before	and	after	deposition	of	the	TiO2	protective	
coating	(2000	ALD	cycles,	~94	nm)	and	the	NiCrOx	catalyst	layer	(20	min	sputtering,	~40	nm	planar	
equivalent),	 respectively.	 	 Figure	 5.1d	 shows	 a	 cross-section	 near	 the	 base	 of	 a	 single	 fully	
processed	 (np+-Si/TiO2/NiCrOx)	microwire	within	 an	 array,	 demonstrating	 that	 the	 fabrication	
produced	the	desired	structure	as	well	as	a	conformal	layer	of	TiO2	having	a	relatively	uniform	
thickness	 along	 the	 height	 of	 the	 wire.	 	 A	 detailed	 inspection	 of	 an	 individual	 Si	 microwire	
indicated	that	the	NiCrOx	deposited	at	the	top	and	base	of	each	Si	microwire,	due	to	the	relatively	







array	 photoanode	 a)	 Schematic	 of	 a	 structure	 that	 consists	 of	 an	 np+-Si	 microwire-array	
conformally	coated	with	a	protective,	transparent,	and	hole-conducting	TiO2	layer,	with	the	TiO2	













photoanode	 and	 a	 degenerately	 doped	 unilluminated	 p+-Si	 anode.	 	 The	 one-electron,	 outer-
sphere,	reversible	Fe(CN)63–/4–	redox	couple	was	used	to	measure	the	intrinsic	energy-conversion	
properties	of	the	microwire-array	photoanodes.		Under	100	mW	cm-2	of	simulated	Air	Mass	(AM)	
1.5G	 illumination,	 the	 np+-Si/TiO2/NiCrOx	microwire-array	 produced	 an	 open-circuit	 potential	





observed	 for	 the	np+-Si/TiO2/NiCrOx	photoanode	 in	 contact	with	 the	one-electron,	 reversible,	








solid	 blue	 curve	 is	 under	 1-Sun	 simulated	 illumination,	 the	 solid	 black	 curve	 is	 under	 no	

































carrier	 collection	 in	 a	 microwire	 array.	 	 Integration	 of	 the	 wavelength-dependent	 spectral	
response	data	of	protected	np+-Si	and	n-Si	microwire-arrays	with	respect	to	the	AM	1.5G	solar	














for	 oxygen	 evolution.	 	 Assuming	 four	 electrons	 per	 Si	 atom	 dissolved,	 the	 total	 number	 of	
coulombs	of	charged	passed	during	the	stability	test,	6000	C,	exceeded	by	a	factor	of	20	the	300	







Figure	 5.5:	 >2200	 hour	 stability	 and	 oxygen	 evolution	 faradaic	 efficiency	 of	 np+-Si/a-TiO2	
microwire	 array	 photoelectrode	 a)	 Current	 density	 versus	 time	 for	 an	 n-p+-Si/TiO2/NiCrOx	










Accounting	 for	 the	 ~20%	 capacity	 factor	 of	 sunlight,	 the	 2200	 h	 of	 continuous	 operation	
contained	the	same	amount	of	charge	as	would	be	passed	during	>	1	year	of	outdoor	operation.		
Because	 lower	 current	densities	 away	 from	peak	 illumination	 times	would	 likely	 increase	 the	
stability,	this	projected	>	1	year	stability	plausibly	represents	a	lower	limit	on	the	actual	stability	
of	 the	NiOx-coated	Si	 photoanodes	under	operational	 conditions.	 	 	A	detailed	 failure	analysis	
study	and	validated	accelerated	testing	protocols,	additionally	incorporating	possible	effects	of	
temperature	cycling	and	extended	periods	of	no	photocurrent	current	due	to	day/night	cycling,	
would	 clearly	 be	 required	 to	 establish	 the	 ultimate	 limit	 on	 the	 stability	 of	 the	 photoanodes	
described	 herein.	 	 The	 high	 internal	 surface	 area	 of	 a	 highly	 anisotropic	 structure	 such	 as	 a	
microwire	 array	produces	 a	 correspondingly	 low	 current	density	 at	 the	 areas	 exposed	 to	 the	
electrolyte.		This	low	current	density	is	expected	to	beneficially	reduce	the	rate	of	light-intensity-
dependent	 photocorrosion	 or	 photopassivation	 processes,	 because	 the	 photon	 flux	 per	






splitting	 device	 operating	 at	 10%	 solar-to-hydrogen	 efficiency	would	 require	 a	 photocathode	
capable	of	producing	>10	mA-cm-2	at	1.5	V	and	addition	of	scattering	particles	to	increase	the	












6 Functional	 Integration	 of	 Ni-Mo	 Electrocatalysts	 with	 Si	





splitting,	 especially	 for	 device	 architectures	 that	 incorporate	 optically	 opaque	 electrocatalyst	
coatings	 on	 the	 surface	 of	 a	 light	 absorbing	 material.49,86-88	 Specifically,	 the	 fill	 factor	 (ff)	 is	





activity.89-91	 Similar	 issues	 can	 also	 preclude	 optimal	 functional	 incorporation	 of	 currently	












For	planar	photoelectrode	architectures,	 various	options	 to	mitigate	 this	 deleterious	 tradeoff	





with	 the	 interfacial	 reactions	 being	 performed	 by	 majority	 carriers.16,49	 Alternatively,	 in	
photoelectrode	structures	composed	of	a	single	photoabsorber,	a	transparent	back	contact	can	
be	used	in	conjunction	with	“backside”	illumination	so	that	the	catalyst	layer	is	not	in	the	optical	




electrocatalyst	 film.	 	 This	 type	 of	 optimization	 favors	 the	 use	 of	 an	 extremely	 thin	 (<	 5	 nm)	








In	 such	systems,	a	 relatively	high	 loading	of	 catalyst	 can	be	positioned	at	 the	base	of	a	high-
aspect-ratio	microwire	array,	 leaving	exposed	a	 large	proportion	of	the	array	(Figure	6.2).	For	
example,	 earth-abundant	 metal	 catalysts	 such	 as	 Ni–Mo89,	 Ni	 or	 Co	 phosphide90,91,	 or	 Mo	










Figure	 6.2:	 Si	 microwire-catalyst	 design	 to	 decouple	 light	 absorption	 and	 catalytic	 activity	




























design	 was	 proposed	 and	 validated	 for	 Si	 microwire	 photovoltaics,	 and	 high	 light-limited	
photocurrent	 densities	 (>	 15	 mA	 cm-2	 at	 100	 mW	 cm-2	 of	 Air	 Mass	 (AM)	 1.5G	 simulated	
illumination	intensity)	were	indeed	obtained	in	that	system.39,40	In	principle,	the	MEA	approach	











behavior	 obtained	 from	 the	 modeling	 of	 an	 n+p-Si	 microwire-array	 membrane-electrode	
assembly	(MEA,	magenta	curve)	and	for	a	stand-alone	n+p-Si	microwire-array	photovoltaic	device	
wired	 to	a	discrete,	purely	catalytic	electrode	 (red	curve).	 	Ni-Mo	was	used	as	 the	hydrogen-












were	 considered	 explicitly.	 The	 light-limited	 current	 density	 was	 obtained	 through	 two-
dimensional	full-wave	electromagnetic	simulations	of	a	Si	microwire	array	architecture.87,88	The	
modeling	 indicated	that	utilization	of	a	stand-alone	n+p-Si	microwire	array	PV	device	having	a	











































doped	p-type	 Si	microwire	 arrays	 (p+-Si	MWs),	with	 and	without	 overlayers	 of	 TiO2	 particles,	
respectively.	Before	 catalyst	deposition,	 the	Si	microwire	arrays	were	metallized	with	Ag	and	
annealed	to	minimize	any	effects	of	interfacial	contact	resistance	with	the	catalyst	materials.		As	
indicated	 in	 Figure	 6.5,	 the	 dark	 catalytic	 HER	 performance	 of	 the	 Ni–Mo	 films	 on	 the	 Si	





Figure	 6.6:	 PEC	 performance	 of	 pn+-Si/Ni-Mo	 microwire	 photocathode	 under	 a	 variety	 of	
illumination	 intensities	Current-density	 versus	 potential	 (J-E)	 behavior	 of	 a	 planar	 n+p-Si/Ni–
Mo/TiO2	photocathode	in	contact	with	0.5	M	H2SO4(aq)	over	a	range	of	illumination	intensities	
from	 dark	 to	 ~10	 Suns,	with	 the	 light	 having	 an	 AM	 1.5G	 simulated	 spectral	 distribution.	 	 A	
polished	Pt	button	control	electrode	is	shown	for	reference.	
Figure	 6.6	 depicts	 the	 J-E	 behavior	 observed	 for	 illuminated	 planar	 Si	 n+p-junction	















Figure	 6.7	 presents	 the	 J-E	 behavior	 of	 the	 best-performing	 Si	 n+p-junction	 microwire	 array	
devices	prepared	in	this	work	that	also	contained	electrocatalyst	and/or	scattering	composites.		
To	 investigate	 the	 maximum	 light-limited	 current	 density	 generated	 solely	 by	 the	 n+p-Si	
microwires,	 a	 TiO2	 scattering	 layer	was	 introduced	 at	 the	 base	 of	 such	 a	microwire	 array	 to	
remove	any	influence	from	the	growth	substrate	and	to	increase	the	length	of	the	optical	path	
through	 the	 microwires.	 	 Without	 a	 catalyst,	 the	 light-limited	 current	 densities	 for	 such	 a	
structure	 approached	 25	 mA	 cm-2,	 in	 agreement	 with	 two-dimensional	 full-wave	 modeling	
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Device	 Voc	(mV)	 Jsc	(mA	cm-2)	 ff	 ηIRC	(%)	
TiO2	layer	 n/a	 25	 0	 0	
TiO2/Pt	 510	 20.2	 0.49	 5	












=	 2.9%,	 without	 any	 corrections	 for	 solution	 or	 mass-transport	 losses.	 	 This	 efficiency	 value	

















morphological	 changes	 in	 the	 Pt	 between	 the	 J-E	 and	 spectral	 response	 measurements	 (>1	
month).	
	













to	 that	 exhibited	 by	 the	 Pt-coated	 Si	microwire	 arrays	was	 observed	 upon	 introduction	 of	 a	
carbon-supported	 Ni-Mo	 catalyst	 that	 did	 not	 require	 annealing	 to	 activate	 the	 Ni-Mo	 after	
deposition.	
	
Diminished	photovoltages	were	 generally	 observed	 for	 Si/Ni–Mo	MEA	devices	 that	had	been	
treated	under	reducing	atmosphere	at	moderate	temperatures	 (450	°C),	 relative	to	Pt-coated	
samples	that	had	not	been	annealed.	To	address	this	disparity,	a	modified	Ni–Mo	nanopowder	
synthesis	was	developed	 involving	 reduction	of	 the	Ni–Mo	oxide	 intermediate	powder	 in	 the	
presence	of	carbon	black.	This	carbon-containing	catalyst	(Ni–Mo/C)	did	not	require	an	annealing	






















of	 -80	 mV	 to	 produce	 current	 densities	 of	 -10	 mA	 cm-2	 for	 H2(g)	 production	 in	 1.0	 M	
H2SO4.43,46,89,94,95	As	shown	in	Figure	6.5,	this	performance	was	matched	 in	the	MEA	structure	









































Ni–Mo/TiO2	 MEA	 devices	 suffered	 from	 adventitious	 deposition	 of	 catalyst	 and	 scattering	
particles	on	the	microwire	sidewalls	consistent	with	physisoprtion	and/or	chemisorption	forces	
that	 are	 stronger	 than	 the	 centrifugal	 force	 imparted	 throughout	 the	 flocculation	 process.		
Deposition	of	either	nanopowder	material	on	the	microwire	sidewalls	acts	to	reduce	the	light-
limited	photocurrent	density,	as	discussed	further	in	the	Supporting	Information.	Each	of	these	














instead	 coated	with	Pt	 at	 room	 temperature	 (Figure	6.10).	 	 The	observed	difference	 in	Voc	 is	
therefore	consistent	with	a	decrease	in	charge-carrier	lifetime	due	to	the	presence	of	impurities	
in	 the	 Si.	 To	 remedy	 this	 deficiency,	 carbon-supported	 Ni–Mo	 catalysts	 (Ni–Mo/C)	 were	
synthesized	without	an	annealing	step	following	the	deposition	of	the	catalyst	into	the	microwire	
array.	Figure	6.10	demonstrates	a	recovery	of	the	Voc	when	Ni–Mo/C	catalyst	was	used	without	
a	 post-deposition	 annealing	 step;	 however,	 significant	 sidewall	 deposition,	 due	 to	 a	 reduced	
efficiency	of	centrifugal	flocculation,	precluded	these	samples	from	also	obtaining	exhibiting	high	
Jph	values.		Further	efforts	to	improve	the	device	fidelity,	as	well	as	to	optimize	the	MEA-layer	
















Direct	 stability	 measurements	 were	 not	 performed	 because	 these	 Ni-Mo	 nanopowder	
electrocatalyts	 are	 known	 to	 degrade	 rapidly	 after	 ~7	 h	 of	 operation	 in	 acidic	 conditions	
consistent	with	the	known	chemical	instabilities	of	the	individual	elements.89	The	device	stability	
is	not	expected	to	be	 limited	by	Si	or	TiO2,	as	both	materials	are	chemically	stable	under	 the	
operating	 conditions.	 SEM	 images	 taken	 after	 photoelectrochemical	 testing	 confirm	 that	 the	
sample	 construct	 remained	 intact	 throughout	 PEC	 testing,	 suggesting	 that	 the	 Ni-Mo	
electrocatalyst	under	the	test	conditions	will	provide	the	ultimate	stability	limit	for	this	particular	
device.	 	 Accordingly,	 mutual	 compatibility	 of	 all	 components	 is	 ultimately	 desired	 and	 thus	









in	 the	 overlayer.	 This	 trade-off	 would	 otherwise	 significantly	 reduce	 the	 light-limited	
photocurrent	 density	 (Jph)	 and,	 unless	mitigated,	 would	 preclude	 efficient	 solar-driven	water	
splitting.	 	 The	 architecture	 consists	 of	 a	 high	 aspect-ratio	 three-dimensional	 semiconductor	
structure	 (e.g.,	 Si	 microwires)	 with	 a	 particulate	 catalyst	 layer	 covered	 by	 a	 high-dielectric	
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particulate	 layer	 that	 scatters	 light	 back	 into	 the	 semiconductor	 structure.	 	Modeling	 of	 the	
design	 suggests	 that	 ηIRC	 >	 10%	 is	 possible	with	 earth-abundant	 electrocatalysts	 that	 have	 a	
relatively	 low	 per-atom	 activity.	 	 The	 best-performing	 Si	 homojunction	 microwire-array	
photocathodes	investigated	herein	with	~1–2	mg	cm-2	of	a	Ni–Mo	nanoparticulate	catalyst	layer,	
covered	by	a	TiO2	nanoparticulate	light	scattering	layer,	demonstrated	a	ηIRC	=	2.9%.		Replacing	













fully	 integrated	 unit	 that	 absorbs	 sunlight	 and	 produces	 hydrogen	 and	 oxygen,	 and	 (2)	
photovoltaic	electrolysis	(PV-E),	which	consists	of	independent	photovoltaic	modules	that	drive	
separate	electrolyzer	units.	To	have	significant	impact	on	the	worldwide	supply	of	energy,	these	
technological	 solutions	must	 necessarily	 be	 competitive	 within	 the	 economic	 realities	 of	 the	




build	 on	 existing	 literature	 by	 adding	 (i)	 an	 updated	 technoeconomic	 evaluation	 of	
photoelectrochemical	 systems	 based	 on	 recent	 engineering	 designs	 and	 prototypes,	 (ii)	 a	
complete	 plant	 design	 evaluation	 and	 direct	 comparison	 of	 photoelectrochemical	 and	







proton-exchange	 membrane	 electrolyzers	 and	 two	 PV-E	 designs	 using	 discrete	 photovoltaic	
modules	and	electrolyzer	units.		Current	and	predicted	hydrogen	production	prices	from	steam	
reforming	of	natural	gas	(SMR)	are	reported	as	a	benchmark.		The	capital	and	operating	expenses	






needs.	 Integrated	 photoelectrochemical	 hydrogen	 production	 and	 discrete	 photovoltaic	
electrolysis	 hydrogen	 production	 constitute	 functionally	 identical	 systems	 and	 hence	 can	 be	
compared	directly	on	a	cost-basis.		The	trade-offs	involving	construction	of	a	single	integrated	
unit	 that	 has	 potentially	 fewer	 components	 and	 directly	 produces	 hydrogen,	 relative	 to	 the	










price	 applied	 to	 CO2	 production,	 or	 other	 policy-driven	mandates	 such	 as	 a	 renewable	 fuels	
standard,	all	hydrogen	production	technologies	will	compete	in	the	marketplace	directly	against	
fossil	 fuels	 for	 energy	 production	 and	 storage.	 	 Because	 photovoltaic	 electricity	 production	
currently	is	more	expensive	in	most	locations	than	levelized	electricity	prices	of	$0.07	kWh-1,	the	
more	 complicated	 task	 of	 solar	 hydrogen	 production	 by	 stand-alone	 or	 grid	 assisted	 PV-
electrolysis	is	not	expected	to	be	economically	favored	relative	to	fossil-fuel-derived	energy	or	
hydrogen.		Given	the	length	of	energy	system	transitions	being	generally	40-60	years	or	more3,	







market.	 	 Nuclear	 fission-based	 grid	 electrolysis	 and	 biomass	 reforming	 are	 two	 of	 the	 main	
alternative	technical	approaches,	though	biomass-derived	energy	is	potentially	limited	in	scale	



























with	 solar-to-hydrogen	 (STH)	 efficiencies	 as	 high	 as	 12.4%	 for	 a	 cell	 possessing	 at	 least	 one	
semiconductor-liquid	 junction4	and	18%	 for	a	cell	 constructed	 from	semiconductors	 that	only	
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contain	 buried	 semiconductor	 junctions.5-7	Many	 small-scale	 demonstrations	 of	 photovoltaic-
based	 electrolysis	 systems,	 and	models	 optimizing	 their	 behavior,	 have	 been	 described,	with	
differing	 levels	 of	 complexity	 of	 the	 connection	 between	 the	 photovoltaic	 modules	 and	
electrolyzers	 leading	 to	 differing	 operational	 flexibility	 and	 ultimately	 to	 different	 system	





photovoltaic	 systems	 performed	 extensively	 throughout	 the	 United	 States	 and	 parts	 of	








second	configuration	analyzed	 includes	a	grid	 connection	 to	 supplement	 the	electrical	power	
supplied	 by	 the	 photovoltaic	 array,	 such	 that	 the	 electrolyzers	 are	 able	 to	 operate	 at	 their	




herein,	but	 that	 could	provide	an	economic	opportunity,	 is	a	H2	and	electricity	 co-generation	
system	 that	 consists	 of	 an	 overcapacity	 of	 the	 photovoltaic	 component	 as	 compared	 to	 the	






and	 development.	 	 Many	 potential	 configurations	 exist,	 including	 non-concentrating	 and	
concentrating	planar	semiconductor	designs	(Type	3	&	4,	respectively),14	as	well	as	slurry	systems	
that	 utilize	 particulate	 semiconductors	 suspended	 in	 a	 solution	 to	 absorb	 light	 and	 effect	
hydrogen	and	oxygen	evolution	(Type	1	&	2).14,15	The	Type	3	&	4	technologies	can,	and	have,	
made	 use	 of	 existing	 knowledge	 from	 the	 photovoltaic	 industry,	 and	 are	 thus	 further	 in	
development	than	Type	1	&	2	technologies.		Accordingly,	the	costs	of	PEC	systems	are	less	well	
understood	 as	 compared	 to	 PV-E	 systems,	 because	 no	 commercial	 PEC	 systems	 have	 been	
constructed	 and	 operated	 to	 date.	 	 To	 obtain	 reasonable	 estimates	 and	 guide	 research,	
technoeconomic	analyses	have	been	performed	for	these	Type	1-4	system	configurations	and	
technology	options.14,15	 The	predicted	 levelized	 cost	of	hydrogen	 (LCH)	 is	 lowest	 for	 the	 less-









































solar	 energy	 for	 hydrogen	 production.	 In	 this	 system,	 the	 electrolyzers	 are	 connected	 to	 the	
photovoltaics	with	or	without	a	DC-DC	converter,	and	are	sized	to	match	the	maximum	output	
of	the	photovoltaics.		The	second	system,	referred	to	as	GSPV-E,	includes	a	grid	connection	and	










A	 final	 general	 scenario	 is	 mapped	 out	 over	 a	 range	 of	 capital	 expenses	 and	 STH	 full	 plant	
efficiency	 values,	 to	 demonstrate	 their	 relationship	 to	 the	 LCH,	 as	 well	 as	 to	 describe	 the	



















differences	 as	 is	 the	 case	 for	 residential	 systems,	 but	 the	 magnitude	 of	 the	 differences	 is	
significantly	smaller	for	utility-scale	installation.19	These	capital	cost	differences	for	utility-scale	


































Table	 7.2	 shows	 the	 system	 specific	 technical	 parameters	 and	 capital	 expenses	 for	 the	 PV-E	
system.		Values	for	non-subsidized,	single	crystalline	Si	photovoltaic	module	costs	are	taken	from	




and	 other	 hardware	 balance-of-system	 (BoS)	 costs	 are	 taken	 from	 very	 recent	 utility-scale	








The	 base-case	 system	 STH	 efficiency	was	 assumed	 to	 be	 9.76%,	which	 is	 the	 product	 of	 the	
photovoltaic	 module	 efficiency	 of	 16%	 and	 the	 electrolyzer	 plant	 efficiency	 of	 61%.13,21,22	

























































the	 area	 of	 solar	 collection	 determines	 the	 number	 of	 electrolyzers	 or	 vice	 versa,	 and	 the	
electrolyzer	cost	per	photovoltaic	area	remains	constant	for	the	PV-E	and	GSPV-E	systems,	aside	
from	 the	 slightly	 sub-unity	 electrolyzer	 capacity	 factor	 for	 the	 GSPV-E	 system.	 	 This	 set	 of	
assumptions	resulted	in	21%	of	the	hydrogen	produced	by	the	solar	energy	input	and	79%	of	the	
hydrogen	resulting	from	the	input	of	grid	power.		The	replacement	expenses	for	the	electrolyzer	
were	 assumed	 to	 be	 identical	 to	 those	 assumed	 for	 the	 grid	 electrolysis	 system,	 and	 the	
photovoltaics	were	assumed	to	last	the	lifetime	of	the	plant.		Implicit	in	the	electricity	price	is	the	
cost	 of	 the	 existing	 transmission	 and	 distribution	 system;	 if,	 however,	 new	 transmission	 and	

















































junctions.20,29	 This	 assumes	 that	 a	 tandem	 and/or	 triple-junction	 stacked	 structure	 can	 be	
fabricated	 at	 costs	 equivalent	 to	 Si	 cell	 fabrication	 today,	 with	 a	 solar-to-electric	 efficiency	
equivalent	 to	 16%	and	with	 current	 and	 voltage	 characteristics	 optimized	 for	 the	 electrolysis	




demonstrated	 previously.	 	 Figure	 7.2	 depicts	 one	 possible	 architecture	 with	 no	 major	 cost	
differences	expected	between	different	side-by-side	system	designs.31,32	The	semiconductor	cell	
cost	would	increase	by	$13	m-2	(to	$61	m-2)	relative	to	the	Si	cell	cost	of	$48	m-2	($0.3	Wp-1)	as	
specified	 in	Table	7.4	 to	 include	 junction	 formation	and	 front	contact	metallization	costs;	 the	
overall	PV	efficiency	would	remain	identical	being	equivalent	to	that	of	an	individual	cell.		The	
major	 cost	 differentiator	 between	 these	 two	 architectural	 options,	 stacked	 tandem	or	 triple-

































µm)	 thick	membrane.30	 Based	 on	 the	 photoelectrochemical	 cell	 design,	 the	membrane	 area	
required	is	10%	of	the	solar	collection	area.34	A	polypropylene	chassis	having	a	1	cm	thickness	














materials	 were	 assumed	 to	 be	 solved	 for	 the	 quoted	 costs	 of	 the	 base	 case.	 The	
photoelectrochemical	 module	 assembly	 labor	 was	 assumed	 to	 be	 equal	 to	 the	 electrolyzer	
assembly	cost	on	a	$	W-1	basis	because	both	systems	entail	assembly	of	the	chassis	and	active	







The	water	delivery	 and	gas	 collection,	processing,	 and	 control	 system	costs	were	 taken	 from	
previous	work14,	but	the	compressors	were	assumed	to	provide	a	higher	compression	ratio	of	
~5.5:1	versus	4.5:1	in	the	reference	case	evaluated	previously.		Polyvinyl	chloride	(PVC)	piping	
was	 assumed	 in	 the	 base	 case	 due	 to	 the	 sufficiently	 low	 hydrogen	 permeability	 and	









with	 the	 values	 assumed	 herein	 likely	 representing	 an	 optimistic	 cost	 scenario.	 	 The	 panel	
mounting	materials,	installation	labor,	and	other	soft	balance	of	systems	(BoS)	costs	were	taken	
directly	from	utility-scale	photovoltaic	panel	installations	on	a	$	mS-2	basis.21,22	The	installation	





The	 active	 components	 (semiconductors,	 catalyst,	membrane)	were	 assumed	 to	 be	 replaced	
every	7	years,	based	on	expected	component	lifetimes	from	the	electrolyzer	industry,	though	no	





production,	 initial	 charge	 of	 acid	 or	 base,	 etc.)	 were	 not	 considered	 independently	 because	








87%.	 	 A	 maximum	 practical	 PEC	 efficiency	 of	 25%	 was	 estimated	 using	 the	 product	 of	 the	
















































the	 two-stage	 compressor	 assumed	 in	 the	 base-case	 Type	 3	 system.	 	 Increased	 controls	 are	
needed	in	the	base-case	Type	4	system	to	handle	the	collection	of	pressurized	gas	from	the	PEC	
panels.14	All	of	the	other	component	capital	costs	are	identical	to	those	for	the	Type	3	system,	
but	 the	 cost	 per	 unit	 of	 PEC	 area	 is	 different	 from	 the	 Type	 3	 base-case	 system	 due	 to	 the	





systems,	 because	 it	 is	 assumed	 that	 the	 concentrators	 cannot	 collect	 diffuse	 sunlight	 (see	














































such	 that	 the	 net	 present	 value	 of	 the	 capital	 and	 operating	 expenses	 and	 product	 revenue	
summed	to	zero	(Equation	7.3).	
	 #q0rGstSu	vwxs	V: = 	 #vb1 + r b4byn:4 	 7.1			
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	 Vrw{|}s	Q0~0S|0	V:	(v!) = 	 VQb(v!)1 + r b4byn:4 	 7.2		
	








with	 known	 costs.	 	 This	 combination	 can	 provide	 the	 highest	 solar-to-chemical	 conversion	
efficiency	because	each	unit	can	be	 independently	operated	and	optimized.	 	Accordingly,	 the	






kg-1	 and	 $260	MM	 ($371	mS-2),	 respectively.	 	 Figure	 7.3	 displays	 the	 impact	 of	 the	 two	most	
sensitive	parameters,	plant	efficiency	and	active	component	capital	expense	per	area	of	solar	
collection,	mS-2,	 on	 the	 LCH	 of	 the	 base-case	 PV-E	 system.	 	 This	 analysis	 thus	 indicates	 that	

















For	 a	 broader	 perspective,	 Figure	 7.4	 illustrates	 the	 impact	 that	 the	 PV	 and	 electrolyzer	
subsystem	costs	have	on	the	levelized	cost	of	hydrogen.		As	an	example,	assume	that	PV	systems	
can	achieve	levelized	cost	of	electricity	(LCOE)	value	of	$0.02	kWh-1,	which	would	require	a	capital	
cost	of	~$0.5	Wp-1	 (assuming	a	25	year	 lifetime,	10%	discount	 rate,	and	30%	capacity	 factor).		




















An	 alternative	 scenario	 could	 include	 a	 combination	 of	 photovoltaics	 and	 wind	 turbines	 to	
increase	the	capacity	factor	of	the	electrolyzers	while	maintaining	100%	carbon	free	electricity.		
If	electricity	prices	as	 low	as	$0.03	kWh-1	and	an	electrolyzer	capacity	 factor	of	75%	could	be	




cost	reductions	of	60%	(to	$0.6	W-1)	or	80%	(to	$0.16	W-1),	 respectively.	 	 If,	alternatively,	 the	
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Capacity	 factors	are	critical	 to	any	commercial	operation	and	are	a	 fundamental	 limitation	of	
terrestrial	 solar	energy	 systems.	 Increases	 in	 the	electrolyzer	 capacity	 factor	 can	be	obtained	
during	non-peak	solar	hours	and	at	night	by	supplementing	the	PV	electricity	with	grid	electricity.		























Grid	 electrolysis	 using	 alkaline	 or	 proton-exchange	 membrane	 electrolyzers	 are	 mature,	
commercial	technologies	that	are	used	herein	as	a	benchmark.		Prior	studies	have	investigated	
the	 detailed	 costs	 of	 each	 component	 of	 a	 PEM	 electrolysis	 system	 and	 are	 used	 herein.13	
However,	the	total	capital	cost	of	PEM	and	alkaline	electrolysis	facilities	are	similar,	such	that	all	





















reducing	 the	 photovoltaic	 stack,	membrane	 and	 catalyst	 component	 costs	 to	 $0	mS-2,	 a	 non-
practical	value,	would	result	in	a	~	$6.1	kg-1	H2	LCH.		Improvements	in	the	efficiency	of	Type	3	
systems	can	be	achieved	by	focusing	on	the	most	optimal	tandem	junction	band-gap	pairs38,42,	
optimizing	 the	 semiconductor	 material	 growth	 quality	 and	 electronic	 properties44,45	 and	











limit	 for	 PEC	 systems	 is	 indicated	 assuming	 direct	 electrical	 connection	 between	 the	
semiconductor	and	catalyst	components	without	additional	power	electronics.	
	







a	 recently	 performed	 analysis	 that	 focused	 only	 on	 the	 active	 components	 of	 a	 generic	 PEC	
system.			That	study	found	that,	for	an	optimized	system,	the	catalyst	capital	costs	of	even	the	
most	 expensive	 catalysts	 are	 insignificant	 compared	 to	 the	 capital	 costs	 of	 the	
semiconductors.134	 This	 conclusion	 is	 also	 consistent	 with	 commercial	 PEM	 electrolyzer	 cost	


































module,	 hard	 BoS,	 and	 soft	 BoS	 capital	 expenses,	 according	 to	 the	 technical	 and	 economic	
assumptions	associated	with	each	base-case	scenario.		We	note,	however,	that	the	PEC	system	
















systems	 and	 to	 the	 plant	 gate	 (Figure	 7.1).	 	 This	 difference	 indicates	 that	 transportation	 of	
hydrogen	gas	at	low	pressure,	and	subsequent	compression	of	the	H2,	is	less	expensive	per	joule	
of	energy	transmitted	than	transportation	and	conditioning	of	relatively	low	power	electricity.		










Membrane	 50	$	mS-2	 Electrolyzer	Stack	 65	$	mS-2	
Catalyst	 8	 Photovoltaic	Module	 96	
Semiconductor	 48	 	 	
Chassis	 38	 	 	
Assembly	Labor	 10	 	 	
	 	 	 	
Subtotal	 154	 Subtotal	 161	
Hard	BoS	
Gas	Processing	 20	$	mS-2	 Wiring	 16	$	mS-2	
Control	Systems	 6	 Other	Electrolyzer	Hard	BoS	 61	
Panel	Mounting	Materials	 29	 Panel	Mounting	Materials	 29	
	 	 	 	
Subtotal	 55	 Subtotal	 151	
Soft	BoS	
Install	Labor	 29	$	mS-2	 PV	Install	Labor	 29	$	mS-2	
Other	Soft	BoS	 56	 Electrolyzer	Install	 19	
	 	 Other	Soft	BoS	 56	
	 	 	 	






























case	 Type	 3	 and	 Type	 4	 PEC,	 PV-E,	 and	 GSPV-E	 (assuming	 CO2-free	 electricity)	 technologies,	
respectively.		
	










up	 capacity	 required	 to	 provide	 the	 reliability	 required	 from,	 and	 achieved	 by,	 utilities.	 	 In	
contrast,	 the	 solar	 fuel	 plants	 analyzed	 herein	 could,	 in	 principle,	 provide	 the	 required	 high	

































CO2-neutral	 economy.	 	 It	 is	 therefore	 important	 to	 assess	 different	 hydrogen	 production	
pathways	and	their	economic	competitiveness.	Biomass	reforming,	CO2-free	grid	electrolysis,	and	
SMR	with	carbon	capture	and	storage	(CCS)	are	alternative	routes	to	low	CO2	and	CO2-neutral	
hydrogen	 production.	 	 Technoeconomic	 studies	 of	 biomass	 reforming	 and	 gasification	 have	
yielded	 estimated	 hydrogen	 production	 costs	 of	 <$3.0	 kg-1	 (adjusted	 to	 2014	 dollars).52,53	
However,	 the	 LCH	 is	 highly	 dependent	 on	 the	 feedstock	 type	 as	 well	 as	 on	 production	 and	


















efficiency.56	 However,	 this	 value	 assumes	 that	 the	 sequestration	 site	 exploration,	 and	 other	





7.4.5 Solar	 H2	 vs	 Low	 CO2	 or	 CO2-Neutral	 Energy	 Production	 and	 Storage	
Technologies	
Two	forms	of	energy	consumption	are	considered	here:	electricity	and	transportation	fuels.		For	















significantly	 oversized	 to	 accommodate	 resource	 availability	 extremes	 (days	with	 little	 or	 no	
sunshine	or	wind),	which	would	increase	the	battery	storage	costs	further	due	to	lower	utilization	
rates	 than	 those	assumed	herein.	 	 The	needs	 for	 research	and	development	 to	develop	new	




information	 is	 available	on	 real-world	 compression	efficiencies	 for	hydrogen	 storage,	 but	 the	
existing	 data	 suggest	 that	 compression	 from	 14	 bar	 to	 430	 bar,	 roughly	 equivalent	 to	 high	





kg-1	 H2,	 respectively,	 in	 conjunction	 with	 the	 above	 compression	 and	 fuel-cell	 conversion	
efficiencies,	 are	 $0.92	 kWh-1	 and	 $1.09	 kWh-1,	 respectively.	 	 Because	 H2	 storage	 is	 relatively	
inexpensive,	the	cost	associated	with	extra	storage	capacity	for	overcoming	resource	availability	
extremes	 is	expected	to	be	 less	than	the	cost	 to	achieve	the	same	functionality	using	battery	
storage.59					
	
Pumped	 hydroelectric	 and	 compressed	 air	 storage	 in	 suitable	 geologic	 formations	 are	 less	












competitiveness	 with	 other	 electricity	 technologies	 that	 can	 provide	 electricity	 on	 demand,	
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Hydrogen’s	 relatively	 low	 volumetric	 energy	density	 (4	MJ	 L-1	 at	 10,000	psi),	 as	 compared	 to	
conventional	aviation	and	diesel	fuels	(35	MJ	L-1),	provides	at	present	a	technical	barrier	to	the	
use	of	high-pressure	hydrogen	fuel	 in	these	sectors.64	Significant	 improvements	 in	hydrogen’s	







vehicles	 are	 available	 to	 consumers	 although	 in	 limited	 quantities.	 	 The	 recharge	 times	 of	





particular,	 the	 energy-return	 on	 energy-invested	 (EROEI	 or	 EROI)	 for	 a	 large	
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absence	 of	 active	 and	 selective	 electrocatalysts,	 and	 the	 low	 concentration	 of	 CO2	 in	 the	
atmosphere,	the	ultimate	source	for	a	closed-cycle	sustainable	CO2-based	energy	scenario.		By	
necessity,	 a	 CO2-reduction	 system	 needs	 an	 inexpensive	 source	 of	 CO2	 (as	 compared	 to	 the	
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not	 limiting	 at	 1	 Sun	 solar	 fluxes	 requires	 a	mass	 transport	 coefficient	 at	 least	 two	orders	of	
magnitude	 higher	 than	 is	 achievable	 for	 natural	 transport	 under	 optimistic	 conditions	 (high	














the	 system	 a	 twice-thru	 carbon	 system	 that	 could	 serve	 to	 improve	 the	 efficiency	 of	 carbon	




added	 target	products	 for	near-term	CO2	 reduction	approaches.	 	 Interestingly,	 an	early-stage	
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Solar	 hydrogen	 production	 systems,	 which	 are	 at	 a	 laboratory	 research	 scale,	 have	 been	
compared	herein	to	more	mature	technologies,	because	such	systems	are	ultimately	what	solar	
hydrogen	will	 compete	against	 in	 the	 commercial	 arena.	 	 The	base-case	 scenarios	herein	are	
representative	 of	 the	 best-case	 currently	 available	 PEC	 systems	 based	 on	 laboratory	
demonstrations,	and	are	representative	of	current	PV	and	electrolyzer	systems.		Our	conclusions	
















plant-wide	 designs	 are	 needed,	 and	 the	 economics	 of	 such	 technologies	 should	 be	 validated	
through	collaboration	with	chemical	plant	design	engineers.	For	example,	large-area	installations	
of	artificial	turf,	a	relatively	inexpensive	robust	outdoor	material,	cost	~$110	mS-2.74	For	such	an	


















closer	 to	 current	 market	 prices.14	 Another	 potential	 design	 includes	 a	 flexible,	 membrane	
embedded	device	(using	Si	microwires	for	example)	that	could	be	rolled	out	like	artificial	turf	with	




Assuming	 such	 radically	 new	 designs	 are	 possible,	 the	 performance	 and	 cost	 of	 the	 active	
components	remain	to	be	demonstrated	simultaneously.	 	A	consistent	 theme	throughout	the	
solar	 hydrogen	 technoeconomic	 analysis	 is	 that	 membrane	 and	 semiconductor	 costs	 are	
dominant	 while	 the	 semiconductor	 efficiency	 and	 stability	 are	 the	 limiting	 performance	
components.		Accordingly,	one	conclusion	is	that	electrocatalysts	contribute	little	to	the	overall	
capital	 cost,	and	 the	performance	of	known	electrocatalysts	 is	 sufficient	 to	 reach	 the	needed	
performance	targets	in	several	possible	implementations	of	the	technology.46	The	main	area	seen	
for	potential	impact	is	in	acid-	stable	oxygen	evolution	catalysts,	where	iridium	oxide	is	the	only	
known	material	 to	exhibit	 satisfactory	performance	characteristics.	 77	However,	 Ir	 is	 the	 least	











epitaxy	 to	achieve	high	performance.	 	This	 later	point	has	been	a	continual	 challenge	 for	 the	




growth	 solutions.	 	 Another	 potential	 solution	 is	 nanowire	 growth,	 which	 can	 relax	 lattice	












efficiency	 semiconductors	 is	 likely	 the	 largest	 challenge.	 	 Improving	 recently	 developed	
protection	 and	 stabilization	 methods,	 and/or	 developing	 entirely	 new	 approaches	 that	 can	
protect	square	meters	of	semiconductor	for	years,	while	maintaining	high	efficiency,	is	needed	
to	 facilitate	 a	 viable,	 scalable	 solar	 hydrogen	 technology.80-82	 In	 addition,	 typical	 stability	
measurements	 are	 performed	 with	 no	 standard	 protocol	 and	 generally	 under	 constant	
illumination;	hence	protocols	should	be	developed	to	facilitate	the	intercomparison	of	results,	


















of	 the	marketplace.	 	 Rigorous	 economic	 competitive	 analyses,	 applied	 after	 proof-of-concept	
		
179	









GSPV-E	 systems	were	 $13.4	 kg-1	 and	 $6.1	 kg-1,	 respectively.	 	 The	 base-case	 PEC	 systems	 are	




Successful	 research	 and	 development,	 measured	 solely	 by	 achieving	 a	 system	 efficiency	 of	
greater	 than	20%	within	 the	 current	embodiments	of	 solar	H2	generators,	 is	not	 sufficient	 to	
produce	systems	with	LCH	values	comparable	to	the	LCH	of	fossil-fuel	derived	electricity.		Panel	











hydrogen	 prices	 are	 also	 projected	 to	 be	 significantly	 lower	 than	 the	 solar	 hydrogen	 routes	
analyzed	herein,	 requiring	disruptive	approaches	 to	solar	hydrogen	generation	relative	 to	 the	
present	embodiments	of	the	technology.	
	
The	 capacity	 factor	 of	 presently	 known	 solar-based	 energy	 systems	 is	 their	 fundamental	
limitation;	any	capital	item	used	only	20%	or	less	of	the	day	will	be	at	a	disadvantage	to	capital	
used	more	effectively.		Efforts	to	increase	the	low	capacity	factor	of	terrestrial	solar	power,	as	
well	 as	 re-designed	 solar	 installation	 schemes	 that	 significantly	 reduce	 the	balance	of	 system	
costs	 and	 increase	 the	 efficiency	 to	 near	 the	 Shockley-Queisser	 limit	 without	 increasing	 the	
capital	 cost,	 will	 have	 the	 largest	 impacts	 on	 the	 economic	 competitiveness	 of	 the	 resulting	
technology	 implementations.	 	 Radically	 new	materials	 and	 system	 designs	 that	 achieve	 fully	


































similar	 three-dimensionally	 structured	materials,	may	 provide	 performance	 and/or	 economic	
benefits	 for	 solar	 water	 splitting	 devices	 as	 compared	 to	 the	 planar	 designs	 that	 nearly	 all	
previous	research	has	focused	on	(Chapter	2).	To	understand	the	validity	of	these	claims	and	how	
solar	 fuels	 compares	 in	 the	 broader	 energy	 generation	 and	 storage	 sector	 a	 detailed	













to	conventional	 fossil	 fuel	and	nuclear-based	power	production.	 	These	constraints	combined	
with	 the	high	 front	 loaded	 capital	 costs	of	 solar	power	 conversion	 facilities	have	made	 them	





Alternatively,	 Si	microwire	 arrays	 enable	 flexible	 device	 architectures	 that	 could	 provide	 the	
foundation	for	the	radically	different	facility	wide	changes	needed.		For	example,	a	flexible	device	
could	 be	 rolled	 out	 utilizing	 similar	 methods	 to	 landfill	 methane	 collection	 for	 hydrogen	
collection.			However,	such	radically	new	designs	still	require	the	same	technical	attributes,	such	







as	well).	1. Si	 microwire	 array	 efficiency:	 The	 highest	 reported	 efficiency	 for	 single	 junction	 Si	microwire	 arrays	 remains	 below	 that	 needed	 to	 achieve	 20%	STH	 efficiency	 in	 a	 tandem	configuration,	 irrespective	 of	 the	 wide	 bandgap	 absorber.37,40	 	 Photovoltaic	 efficiencies	should	be	doubled	to	>15%	with	significant	improvement	needed	in	the	longer	wavelength	
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spectral	response	as	these	are	the	photons	that	Si	will	see	in	a	tandem	device	and	is	currently	the	worst	performing	region	of	the	spectral	response.		Light	scattering	elements	have	been	shown	 to	 improve	 the	 broadband	 absorption	 characteristics	 of	 Si	 microwire	 arrays,	 but	translation	into	the	high	spectral	response	values	needed	at	long	wavelengths	has	not	been	demonstrated	to	the	degree	necessary.	2. Wide	bandgap	 semiconductor:	 A	high	 efficiency	wide	bandgap	 tandem	partner	 for	 Si	 is	required	with	a	bandgap	near	1.7	eV.	 	Semiconductors	with	the	proper	bandgap	exist,	but	integration	 with	 Si	 is	 difficult;	 the	 current	 growth	methods	 employed	 (MO-CVD)	 are	 not	economically	 scalable	 to-date	 and	 the	 efficiencies	 are	 low	 due	 to	 epitaxial	 growth	challenges.52		Discovery	of	a	new	material	is	a	continual	hope,	but	impossible	to	predict	the	timing	 of	 and,	 if	 history	 is	 repeated,	 requires	 significant	 research	 and	 development	 time	before	being	commercially	relevant.			3. Tunnel	junction:	A	low	resistance,	transparent	connection	between	Si	and	the	wide	bandgap	semiconductor	is	required	for	high	efficiency	operation.		This	has	been	a	major	road	block	for	integrating	 known	 materials	 on	 traditional	 surface	 orientations	 of	 Si	 through	 epitaxial	growth.139	 Si	 microwire	 arrays	 have	 been	 even	 more	 difficult	 due	 to	 the	 multiple	 non-traditional	crystallographic	orientations	present	on	the	surface.52	Alternative	non-epitaxial	methods	may	 exist	 such	 as	 amorphous	TiO2	 and	 transparent	 conductive	 oxides,	 but	 their	ability	to	perform	this	task	with	high	efficiency	devices	has	yet	to	be	demonstrated.	4. Membrane	embedment:	 An	 ionically	 conductive,	 gas	 impermeable	membrane	 should	be	able	to	be	embedded	in	and	provide	mechanical	support	for	the	microwire	array.		This	has	been	demonstrated	for	bare	Si	microwire	arrays	with	Nafion®,	a	proton	exchange	membrane	suitable	 in	 acidic	media	 and	 that	 is	 too	 expensive	 at	 current	 prices,	 and	QAPSF,	 an	 anion	exchange	membrane	suitable	in	basic	media	and	that	remains	at	an	academic	research	level.59		
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route.	 	 Rather,	 a	 top	 down	 approach	 that	 allows	 for	 periodic	 evaluation	 of	 a	 solar	 fuel’s	
technoeconomics	would	 better	 direct	 subsequent	 funding	 allocation	 decisions	 and	milestone	
goals.	 	For	 instance,	directed	questions	as	to	what	parameters	need	to	be	meet	for	achieving	
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Microwire	 arrays	 were	 cleaned	 using	 a	 6:1:1	 (by	 volume)	 H2O:HCl(fuming,	
aqueous):H2O2(30%	in	H2O)	metal	etch	(RCA	2)	for	20	min	at	60	°C.		The	samples	were	
then	 subjected	 to	a	15	 s	etch	 in	buffered	HF(aq)	 (BHF)	etch,	 an	H2O	 rinse,	 an	organic	
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O2	 in	 Ar)	 onto	 n-p+-Si	 microwire	 arrays	 and	 p-Si	 microwire	 arrays,	 by	 DC	 magnetron	
sputtering	 under	 10	 W	 of	 substrate	 bias	 (to	 facilitate	 conformal	 deposition	 on	 the	




n-WO3	 was	 electrodeposited	 from	 a	 tungstic	 peroxy-acid	 solution,	 as	 described	
previously54.	 	 Briefly,	 4.6	 g	 of	 tungsten	 powder	 (0.6-1μm,	 99.99%,	 Sigma	Aldrich)	was	
dissolved	in	molar	excess	(60	mL)	of	H2O2	(30%	in	H2O).	 	Excess	H2O2	was	dissolved	by	
addition	 of	 a	 trace	 amount	 of	 Pt	 black	 (99.9%,	 Sigma	 Aldrich)	 for	 24	 h.	 	 The	 H2O2	































Maxwell’s	equation	solver	 that	uses	 the	FDTD	method.	 	The	experimentally	 fabricated	
microwire	structures	were	reproduced	in	the	Lumerical	workspace	in	2D.		Bloch	boundary	
conditions	were	used	to	model	an	infinite	planar	structure	and	an	infinite	2D	microwire	





complex	 refractive	 index	 (Ü)	 were	 recorded	 and	 then	 used	 to	 calculate	 the	 spatially	
resolved	carrier	generation	rate,	Cgen	(Equation	A.1.1):	
































dark	 J-E	 behaviour.	 	 The	 carrier	 generation	 rate	 from	 Lumerical	 was	 then	 applied	 to	
extract	the	J-E	characteristics	in	the	presence	of	illumination.		Similarly,	the	V	=	0	case	in	
the	light	was	solved	first,	and	then	the	voltage	was	stepped	at	0.010	V	intervals,	to	obtain	






2.6	 eV),	 work	 function	 (χ	 =	 4.4	 eV),	 relative	 permittivity	 (εr	 =	 5.76),	 conduction-	 and	
valence-band	density	of	states	(NC	=	1.8	x	1019	cm-3,	NV	=	7.1x1019	cm-3),	recombination	
time	constant	(τn	=	τp	=	1	x	10-8	s)	and	mobility	(µn	=	µp	=	40	cm2	V-1	s-1).		The	band-gap	was	
experimentally	measured	 from	 absorption	measurements	 using	 an	 integrating	 sphere	
and	 a	 Tauc	 plot.	 	 The	 relative	 permittivity	 was	 calculated	 from	 ellipsometric	
measurements	of	the	complex	refractive	index.		The	work	function	was	chosen	based	on	
reports	found	in	the	literature.174			The	density	of	states	can	be	calculated	from	m*,	the	
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Effective	masses	in	the	conduction	band	have	been	reported	to	be	~	0.8	m0,175	where	m0	
is	the	mass	of	a	free	electron.		Density	functional	theory	calculations	of	the	band	structure	
of	WO3	 indicate	 that	 the	 valence	 band	 has	 less	 curvature	 than	 the	 conduction	 band,	
indicating	heavier	holes	and	leading	to	an	estimate	of	2	m0	for	the	hole	effective	mass.176	
The	 mobility	 values	 were	 also	 taken	 from	 the	 literature.175	 Preliminary	 experimental	
measurements	 indicated	 a	 diffusion	 length	 of	 1	 µm,	 thereby	 determining	 the	 time	
constant.	
	
The	 WO3/liquid	 junction	 was	 modeled	 as	 a	 Schottky	 junction,	 with	 the	 metal	 work	
function	equal	to	the	water	oxidation	redox	potential,	χ	=	5.68	eV,	which	was	in	contact	
with	 a	 1	 µm	 thick	 slab	 of	WO3.	 	 A	 value	 of	 ND	=	 1015	 cm-3	 was	 chosen	 to	match	 the	
experimentally	 observed	 short-circuit	 current	 density	 and	 open-circuit	 voltage.	 	Mesh	
sizes	 of	 10	 nm	 and	 250	 nm	 were	 used	 perpendicular	 and	 parallel	 to	 the	 junction,	
respectively.		The	method	to	obtain	the	dark	and	light	J-E	behaviour	was	identical	to	that	
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The	overpotential	was	added	to	the	n-p+-Si	homo-junction	J-E	data	at	the	same	current	






































Microwire	 arrays	 were	 cleaned	 using	 a	 6:1:1	 (by	 volume)	 H2O:HCl(fuming,	
aqueous):H2O2(30%	in	H2O)	metal	etch	(RCA	2)	for	20	min	at	60	°C.		The	samples	were	
then	subjected	sequentially	to	a	15	s	BHF	etch,	a	H2O	rinse,	a	10	min	organic	(piranha)	
etch	 in	3:1	H2SO4(99.6%,	aqueous):H2O2(30%	 in	H2O)	at	 room	temperature,	and	a	H2O	
rinse.	Following	a	30	s	etch	in	10%	BHF	and	H2O	rinse,	a	150	nm	thick	SiO2	layer	was	grown	
via	dry	thermal	oxidation	in	a	tube	furnace	for	2.5	h	at	1050	°C	under	an	O2	atmosphere.		





The	 PDMS	 was	 removed	 by	 a	 30	 min	 soak	 in	 3:1	 N-methyl-2-





















of	 0.5	 M	 butyltin	 trichloride	 in	 200	 proof	 ethanol	 (Sigma	 Aldrich,	
























had	 undergone	 the	 appropriate	 fabrication	 process.	 	 To	 make	 ohmic	 contact	 to	 the	































photoelectrochemical	 measurements	 consisted	 of	 CH3CN	 (anhydrous,	 99.8%,	 Sigma	
Aldrich)	dried	through	Al2O3	sieves	 in	a	solvent	column	system	and	stored	over	3Å	dry	
molecular	 sieves,	 1M	 LiClO4	 (battery	 grade,	 99.99%,	 Sigma	 Aldrich),	 and	 25	 mM	




was	 used	 for	 illumination,	 and	 was	 set	 to	 produce	 the	 same	 current	 density	 on	 a	
calibrated	 Si	 photodiode	 as	 was	 obtained	 from	 100	 mW	 cm-2	 of	 1	 Sun	 AM1.5	 G	
illumination.	 	 Three-electrode	 photoelectrochemical	 data	 were	 obtained	 in	 a	 single-





















slowly	 into	 the	 solution	while	manually	 shaking	 the	petri	 dish	 for	 agitation.	 	 Vigorous	
reaction	occurred	and	after	~2	min	the	solution	became	clear	and	the	reaction	ceased.		
Following	this,	the	sample	was	soaked	for	30	s	in	an	aqueous	solution	of	1.0	M	HCl	and	












XRD	 measurements	 were	 made	 on	 a	 Bruker	 D2	 Phaser	 desktop	 instrument.	 	 Peak	







































Microwire	 arrays	 were	 cleaned	 using	 a	 6:1:1	 (by	 volume)	 H2O:HCl(fuming,	
aqueous):H2O2(30%	in	H2O)	metal	etch	(RCA	2)	for	20	min	at	60	°C.		The	samples	were	
then	subjected	sequentially	to	a	15	s	BHF	etch,	a	H2O	rinse,	a	10	min	organic	(piranha)	
etch	 in	3:1	H2SO4(99.6%,	aqueous):H2O2(30%	 in	H2O)	at	 room	temperature,	and	a	H2O	
rinse.	Following	a	30	s	etch	in	10%	BHF	and	H2O	rinse,	a	150	nm	thick	SiO2	layer	was	grown	
via	dry	thermal	oxidation	in	a	tube	furnace	for	2.5	h	at	1050	°C	under	an	O2	atmosphere.		





The	 PDMS	 was	 removed	 by	 a	 30	 min	 soak	 in	 3:1	 N-methyl-2-


















































each	 specified	 class.	 	 Three-electrode	 cyclic	 voltammetry	 (CV)	 measurements	 were	
conducted	using	a	Biologic	(SP-200)	potentiostat	in	conjunction	with	a	borosilicate	single-
compartment	 cell	 that	 had	 a	 flat-bottom	 glass	 window.	 	 A	mercurous/mercury	 oxide	
(Hg/HgO,	1.0	M	KOH	filling	solution)	(CH	Instruments)	reference	electrode	and	a	fritted	
carbon	counterelectrode	were	used	for	measurements	 in	1	M	KOH,	whereas	a	Luggin-
capillary	 Pt	 reference	 electrode	 placed	 as	 close	 to	 the	 working	 electrode	 surface	 as	
possible	 and	 a	 Pt	 mesh	 counterelectrode	 were	 used	 for	 measurements	 in	 ferri-



















BHF	 immediately	 prior	 to	 introducing	 the	 samples	 into	 a	 glove	 box.	 	 Solutions	 for	
photoelectrochemical	 measurements	 consisted	 of	 CH3CN	 (anhydrous,	 99.8%,	 Sigma	
Aldrich)	dried	through	Al2O3	sieves	 in	a	solvent	column	system	and	stored	over	3Å	dry	
molecular	 sieves,	 1M	 LiClO4	 (battery	 grade,	 99.99%,	 Sigma	 Aldrich),	 and	 25	 mM	




was	 used	 for	 illumination,	 and	 was	 set	 to	 produce	 the	 same	 current	 density	 on	 a	
calibrated	 Si	 photodiode	 as	 was	 obtained	 from	 100	 mW	 cm-2	 of	 1	 Sun	 AM1.5	 G	













in	 the	 same	 photoelectrochemcial	 cell	 as	 described	 above	 for	 the	 1	 M	 KOH	
measurements.	 	 Each	 electrode	 was	 held	 potentiostatically	 at	 1.63	 V	 vs	 RHE	 with	 a	
Biologic	 potentiostat	 (SP200)	 that	 was	 connected	 to	 a	 lock-in	 amplifier	 (SRS	 830).	 	 A	
second	 lock-in	 amplifier	 was	 connected	 to	 a	 second	 photodiode	 that	 continuously	








The	 Faradaic	 efficiency	 for	 oxygen	 evolution	 of	 a	 single	 np+-Si/TiO2/NiCrOx	microwire	
array	 electrode	 was	 measured	 in	 the	 same	 cell	 as	 for	 the	 1	 M	 KOH	 measurements	
described	 above.	 	 Both	 the	 oxygen	 concentration	 and	 the	 charge	 passed	 were	
simultaneously	monitored	over	a	40	min	photoelectrochemical	measurement,		After	a	10-
min	waiting	period	at	open	circuit,	the	microwire	electrode	was	held	potentiostatically	at	
1.63	 V	 vs	 RHE	 with	 a	 Biologic	 potentiostat	 (SP200)	 for	 30	 min,	 and	 the	 oxygen	
concentration	 in	 solution	was	measured	over	 the	entire	40	min	period	with	an	Ocean	
Optics	fluorescent	probe	(NeoFox	HIOXY).		Illumination	was	provided	by	a	Xe	lamp	(Oriel	
67005,	Newport	Corporation)	with	a	AM	1.5G	filter	and	was	calibrated	to	1-Sun	intensity	
with	 a	 Si	 photodiode.	 	 Prior	 to	 measurement,	 the	 solution	 (approximately	 48	 mL	 in	
volume)	was	purged	with	N2(g)	for	~	20	min	to	obtain	a	near	oxygen-free	environment		
The10-min	 measurement	 at	 open	 circuit	 without	 oxygen	 production	 provided	 a	
measurement	of	 the	oxygen	 leak	 rate	of	 the	 cell.	 	 These	 leak	 rates	were	 interpolated	
during	 the	 40	min	photoelectrochemical	measurement	 and	were	 subtracted	 from	 the	
overall	oxygen	detection	to	yield	an	oxygen	evolution	rate	for	the	electrode	itself.		The	
corrected	oxygen	concentration	data	were	then	converted	to	micrograms	of	O2,	using	the	













A	 zero-dimensional	 model	 was	 constructed	 to	 predict	 the	 maximum	 performance	
expected	 from	 the	 MEA-type	 photocathode	 device,	 based	 on	 a	 previously	 derived	
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Table	A.	1	 shows	 the	 values	 used	 for	 the	 parameters	 in	 the	model.	 	 The	 light-limited	

















microwires.	 	The	dark	saturation-current	density	 for	 the	p-Si	microwires	with	 radial	n+	










































aluminum-doped	p+-Si	back	 surface	 fields	on	 the	p-Si	microwire	arrays	and	on	planar,	
single-side-polished	 (111)-oriented	p-Si	wafers	 (Silicon	 Inc.,	0.7	Ω-cm).	 	 The	 substrates	








spin-on	 dopant	 (P509	 Filmtronics)	 by	 spin	 coating	 at	 2000	 rpm	 for	 30	 s.	 	 The	 spin-on	




























The	 electrode	 orientation	 was	 determined	 by	 the	 orientation	 of	 the	 coiled	 wire	 that	
protruded	from	the	glass	tube.		Geometric	areas	were	measured	by	imaging	the	active	
















gas	 (5%	H2(g)	 in	N2(g))	 at	 400-500	 °C	 for	 >	 60	min	 to	 yield	 a	 black,	 pyrophoric	Ni-Mo	




























































window	 and	 with	 a	 Ag/AgCl	 reference	 electrode	 that	 was	 located	 in	 the	 same	
compartment	as	the	working	electrode.		A	Pt	mesh	or	Ir/Ru/Ti	oxide	counter	electrode	
was	contained	in	a	separate	compartment	that	was	isolated	from	the	main	cell	compartment	
by	a	 fine-porosity	 frit	or	by	a	Nafion	membrane.	 All	of	 the	electrochemical	data	were	












steady-state	 behavior	 (validated	 by	 independent	 potentiostatic	 measurements).	 	 The	
current-	 density	 versus	 potential	 (J–E)	 data	 were	 not	 corrected	 for	 uncompensated	
resistance	 losses	or	 for	 concentration	overpotentials.	 Forward	 and	 reverse	 CV	 sweeps	
generally	showed	minimal	hysteresis.		When	hysteresis	was	observed,	the	data	collected	
while	sweeping	from	negative	toward	positive	potentials	(reverse	sweep)	corresponded	
better	 to	 the	 steady-state	 polarization	 measurements,	 and	 thus	 were	 used	 for	 final	
analysis.	 	 LSV	measurements	generally	were	 initiated	 at	 potentials	 that	 were	 several	
hundred	mV	negative	of	ERHE,	and	were	terminated	at	potentials	just	positive	of	where	
















cell	 operating	 such	 that	 no	 net	 chemical	 reactions	 occur,	 in	 which	 the	 second,	 dark	




input	solar	power	density;	equivalently,	Voc	 is	 the	open-circuit	voltage,	 Jsc	 is	 the	short-
circuit	current	density	and	ff	is	the	fill	factor	of	the	device.	
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